The Yanshan Movement occurred mainly during the Middle-Late Jurassic, and gave rise to NE trending structures, magmatic events, volcanism and mineral resources. The transformation and evolution of the movement during the Middle-Late Jurassic were investigated from the rock assemblage, geochemistry, and chronology in adamellites which were exposed in the Xingcheng area, western Liaoning. Two types of adamellites were recognized-biotite adamellites with the formation age of 172-168 Ma and garnet-bearing adamellites of 158-152 Ma. All the samples of the two types of adamellites displayed enriched characteristics with high content of SiO 2 (66.86-75.55 wt.%) and total alkali (Na 2 O + K 2 O = 7.56-8.71 wt.%), high large ion lithophile element (LILE: K, Rb, Sr), and low high field strength element (HFSE: Ce, Ta, P, Ti). The biotite adamellites belong to metaluminous-peraluminous I-type granites, and show volcanic arc granite characteristics, and were formed by partial melting of the ancient crust in the compressional setting that resulting from the subduction of the Paleo-Pacific plate beneath the north margin of the North China Craton (NCC). The garnet-bearing adamellites are also metaluminous-peraluminous I-type granites, with characteristics of both the compressional and extensional regimes, which were formed at the middle-late stages of the continuing subduction of the Paleo-Pacific plate, while simultaneously, the frontal side of the subduction slab began to roll back, leading to an extensional environment. Combining with regional geophysical studies and our petrological and geochemical studies, we propose that the eastern segment of the northern margin of NCC may have been controlled by the Paleo-Pacific tectonic domain at the latest in the Middle Jurassic, while the initiation of the tectonic regime from a compressional to an extensional environment was during the Late Jurassic (158-152 Ma) as a response of the Yanshan Movement. Simultaneously, geochronological statistics of the ore deposits in western Liaoning show that the Mesozoic endogenetic metalliferous deposits formed in a compressive environment influenced by the subduction of the Paleo-Pacific plate, similar to the magma events in ages, and the magmatism provided the thermodynamic condition and the source of metallogenic hydrothermal fluid for mineralization.
Introduction
Since the concept of the Yanshan Movement [1] was first proposed by the renowned Chinese geologist Wong Wenhao in 1926, scholars have carried out a large number of related research [2] [3] [4] [5] . There is a consensus that the initiation and development of the Yanshan Movement were associated with coeval oceanic subduction and continental convergence in the Paleo-Pacific [6] [7] [8] , the ancient Asian Ocean [7, 9] , and Mongol-Okhotsk [9] [10] [11] [12] tectonic domains. Also, the Yanshan Movement represents the transition from the nearly E-W-trending ancient Asian Ocean tectonic domain to the NNE-trending Paleo-Pacific tectonic domain [6] [7] [8] 13, 14] , i.e. the transformation from a continental collision tectonic regime to a continental-margin subduction tectonic regime [15] . However, the timing and development of the tectonic evolution have not been well-established. Based on the evidence of magmatic activities, widespread folding and faulting, and the formation of a series of basins, previous studies proposed three views of the initial time of the tectonic transition: Cretaceous [16] , Mid-Late Jurassic [8, 11, 15] , and Early Jurassic [7, 8] .
Intense and frequent magmatic activities control the formation of the gold and metal metallogenesis [14, [17] [18] [19] [20] [21] [22] . For example, the formation of the large Wulongshan gold deposits and the Meishan polymetallic deposits in Eastern Shandong were genetically related to the acidic magmas [21, [23] [24] [25] , and some gold and REE deposits in Western Shandong were controlled by alkaline magmas [23, [25] [26] [27] . These ore-controlling magmas might originate from the upper mantle with complicated underplating and hybrid processes [23] , and record the tectonic evolution of the Yanshan Movement. In this study, the Xudapu adamellites in Xingcheng area, western Liaoning were investigated in terms of the geochemistry characters, chronology, and petrogenesis to provide constraints on the tectonic transformation of the Jurassic tectonic movements, and to facilitate the understanding of the deep geodynamic mechanism of the Yanshan Movement and Yanshannian magmatism, as well as their relationships with metallogenesis.
Geological Setting
The North China Craton (NCC) is one of the oldest Archean cratons in the world [2, 29, 30] . Affected by the Yanshan Movement, the eastern part of the craton experienced multiple phases of tectonic deformations and magmatic activities in the Mesozoic period [31] [32] [33] [34] [35] , especially large-scale lithospheric thinning during the Early Cretaceous period [1, 8, [36] [37] [38] [39] .
The Xudapu area, south of Xingcheng, Western Liaoning, is located near the northern margin of the East NCC, and is tectonically situated in the transitional region between the Shanhaiguan Uplift and Hebei-Liaoning Subsidence (Figure 1) , where the structural trend transformed from N-E trend to NNE direction [40] . Having undergone extensive mobilization and modification and experienced an extremely similar evolution procedure with NCC in the Yanshan period [41, 42] , the study area experienced an extremely similar evolution procedure with NCC, thus, this area provides an ideal opportunity to study the tectonic evolution of the Yanshan Movement. Previous research has done systematic research work on the Mesozoic granites in western Liaoning, and established a chronological framework for the Mesozoic granitic magmatism in the Xingcheng area [42] [43] [44] [45] [46] . Large-scale N-E trending faults in the area were developed, along with a series of metallic deposits such as the Suiquan gold deposit, the Yangjiazhangzi molybdenum deposit, although other ore deposits also occur in NE-SW trending regional structure [17, 47] . Various types of Mesozoic intrusive rocks were exposed in the study area, most of which were Late Jurassic granites, and minors formed in Late Triassic and Early Cretaceous (Figure 2 ). The Neoarchean granitic rocks are exposed in the middle part of the study area among the Mesozoic granites as giant xenoliths, mainly composed of granitic gneiss and biotite-plagioclase gneiss [17, 28, 48, 49] . The Late Triassic and Early Cretaceous rocks are mainly porphyritic granitic gneiss and some light colored dikes of granites, respectively. The Late Jurassic adamellites, which are granites rich in plagioclases and K-feldspars, are the largest intrusive magmatic rocks in the northern and southern sectors of the study area, and some dikes of biotite adamellites intrude the Neoarchean granite gneisses. These rocks show a massive structure in the south and a gneissic structure with shear fabrics in the north [28] . 
Sampling and Petrography
Samples were collected from the seacoast of Liaodong Bay in the Xudapu area ( Figure 2 ), divided into two main types: Garnet-bearing adamellites and biotite adamellites ( Figure 3 ). Garnet-bearing adamellites are widely exposed in the study area. Typical rocks are mostly grayish-white in hand specimens with massive structures. The garnet grains or garnet aggregates, are present as magmatic grains in adamellites ( Figure 3c ). The main minerals are plagioclase (~30%), alkali feldspar (~30%), quartz (~32%), biotite (~5%), and garnet (~3%), with accessory titanite, zircon, and apatite. The feldspar grows in multiple stages. A few plagioclases are weakly alterated to sericites, but still display visible multiple twins. The alkali feldspar is microcline-perthite with cross-hatched twins and locally forms an intergrowth with quartz. The garnet grains range from 6 to 7 mm with inclusions of quartz and plagioclase inside, which forms a diablastic structure ( Figure 3d ). Biotite adamellites are exposed as xenolith in the garnet-bearing adamellites, and they cut the garnet granitic aplite (Figure 3a ). The biotite adamellites are yellow-brown in hand specimens ( Figure 3b ) and consist of quartz (~40%), plagioclase (~25%), alkali feldspar (~20%), biotite (~15%) with accessory ilmenite and apatite. Quartz is elongated, showing recrystallized texture ( Figure 3f ). Biotite is typically aligned to form a weak gneissic texture, together with elongated quartz, suggesting that the rocks are deformed and foliated. (Figure 3e ,f).
Analytical Methods

Major and Trace Elements
Seven representative samples were selected for detailed study. The samples were ground, shrunk, and tested for whole-rock major and trace element analyses in the test center of the First Geological Institute of the China Metallurgical Geology Bureau. Fresh whole-rock samples were ground in an agate mill to less than 200 mesh. The major elements were analyzed on fused glass disks using X-ray fluorescence spectroscopy (XRF, Japan Rigaku) and the trace element analyses were analyzed by inductively coupled plasma mass spectrometry (ICP-MS, America Thermo). Distilled HF + HNO 3 and high pressure sealed Teflon bombs were used to decompose samples. The analytical uncertainties are approximately 1-3%, and analytical results obtained from the international reference materials WBG07103 and WGB07105. The analytical precision for most elements is better than 5%.
Zircon U-Pb Dating
Four samples from adamellite rocks exposed in the study area were selected for U-Pb zircon dating in order to determine their crystallization ages. Zircons were separated from whole-rock samples by using the combined heavy liquid and magnetic techniques and then underwent handpicking under a binocular microscope at the Langfang Regional Geological Survey, Hebei Province, China. LA-ICP-MS zircon U-Pb analyses were performed using Agilent 7500A inductively coupled plasma mass spectrometer (ICP-MS) equipped with Coherent COM-PExPro 200M 193-nm ArF excimer laser, housed at the Key Laboratory of Mineral Resources Evaluation of Northeast Asia, Ministry of Natural Resources, Jilin University. All measurements were performed using zircon 91500 as an external standard for age calculation. NIST SRM 610 was used as an external standard for measurements of trace element concentrations. The concentrations of U, Th, and Pb elements were calibrated using 29 Si as an internal calibrant. 207 Pb/ 206 Pb, 206 Pb/ 238 U and 207 Pb/ 235 U ratios and apparent ages were calculated using ICPMSDataCal [50] . The age calculations and concordia plots were made using Isoplot (Ver. 3.0) [51] .
Results
Major and Trace Elements
The major and trace element data on all the samples are presented in Table 1 . In the TAS classification diagram, all garnet-bearing adamellites plot in the granite field and most of the biotite adamellites plot in the quartz monzonite fields ( Figure 4 The total rare earth element (REE) content of biotite adamellites was relatively low, varying from 54.50 to 68.66 ppm. The (La/Yb) N ratio reflecting the REE fractionation was medium, from 6.94-12.20, which is in agreement with the LREE/HREE ratio (6.63-9.52), and the biotite adamellites belong to the LREE-enriched type. The δEu value ranged from 0.55-0.78, showing a moderate negative Eu anomaly. The chondrite-normalized REE patterns were smooth and dip slightly to the right (Figure 6a ).
Compared with biotite adamellites, garnet-bearing adamellites had lower REE content ( REE = 35.62-44.58 ppm), and had similar chondrite-normalized REE patterns with a slight dipping to the right (Figure 6a ). They are relatively enriched in light rare earth elements [LREE/HREE = 3.62-6.97 (La/Yb)N = 3.30-8.12], displaying less obvious Eu anomalies (δEu = 0.76-0.86).
In the primitive-mantle-normalized diagram (Figure 6b ), both the two types of rocks showed moderate enrichment in large-ion lithophile elements (e.g., K, Rb, and Sr) and had negative Ce, Ta, P, and Ti anomalies. 
Geochronology
Cathodoluminescence (CL) images of representative analyzed zircon grains are shown in Figure 7 , and the U-Pb-Th isotopic ratios, as well as concentrations of U, Th, and Pb, are given in Table 2 . Two biotite adamellites (XDB-57 and XDP1-8) were dated. The zircons were colorless to light yellow, which occurred as short prismatic grains in 100-200 µm diameter, subhedral to euhedral. Most of the grains had well-preserved crystal faces and showed a clear internal oscillatory zoning. Seldom grains from sample XDB-57 and sample XDP1-8 had weakly zoned outer cores, surrounded by a thick overgrowth of euhedrally-zoned zircon with weak or no luminescence (Figure 7a (Figure 8a,b ). These dated spots on the concordia curve show diverse Th/U ratios of (0.14 to 1.42) and (0.22 to 2.15), respectively, which are typical for magmatic zircons. We interpret these ages (172-168 Ma) as the crystallization ages of the biotite adamellites. Several concordant old ages from euhedrally-zoned zircons are 2565 to 2466 Ma (Table 2) , and show a high Th/U ratio of (0.52 to 1.88). We interpret these grains as xenocrysts. Some discordant ages probably are disturbed by Pb loss. The zircons were transparent to translucent, subhedral to euhedral, and ranged in size from 80 to 200 µm in diameter. Most of the grains showed obviously or non-evident oscillatory zoning with relatively weakly luminescence (Figure 7c,d ). Sample XDB-42 and XDP1-2 give a mean 206 Pb/ 238 U age, respectively, of 152 ± 4 Ma (MSWD = 0.2, n = 9) and 158 ± 3 Ma (MSWD = 0.3, n = 10), these spots show diverse Th/U ratios of (0.34 to 1.04, except one of 0.05) and (0.34 to 1.30), respectively, indicating their magmatic origin. We interpret these ages (158-152 Ma) as the crystallization ages of the garnet-bearing adamellites. Several concordant old age (2535-2461 Ma, Th/U ratio of (0.36 to 1.36)) from euhedrally-zoned zircons was similarly considered as xenocrysts. The discordant ages recorded multi-stage Pb loss. 6. Discussion
Petrogenesis of Xudapu Adamellites
The geochemical studies show that the biotite adamellite in the study area has a high silica and potassium contents, with moderate contents of REE, relatively rich LREE and moderately negative Eu anomaly, indicating the crustal source of magma. All the samples of biotite adamellites plot in the I-type granite field in the granite Nb vs SiO 2 discriminant diagram (Figure 9a ) and the TFeOt/MgO vs Zr+Nb+Ce+Y diagram (Figure 9b ), also providing similar evidence. The garnet-bearing adamellites have a similar trend of normalization curve compared to the biotite adamellites, with relatively rich LREE and moderately negative Eu anomaly. Although the garnet and the muscovite are more likely to appear in S-type granites, they are not effective marks for identifying S-type granites [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . Combined with the A/CNK value less than 1.1 (A/CNK = 0.90-1.05) and the corundum content less than 1% (C = 0-0.78), we believe that the garnet-bearing adamellite is not an I-type granite. Also, the garnet-bearing adamellites samples plot in the I-type granite field in the TFeOt/MgO vs. the Zr+Nb+Ce+Y diagram (Figure 9b ), while they are located in A-type granite field in the granite Nb vs. SiO 2 discriminant diagram (Figure 9a ). We calculate zircon saturation temperatures of garnet-bearing adamellites and biotite adamellites to inverse the temperature in the magma source. The result indicated that the zircon saturation temperatures for garnet-bearing adamellites range in 787-804 • C, the average is 797 • C, and the zircon saturation temperatures for biotite adamellites range 779-785 • C, the average is 781 • C. The temperatures (< 850 • C) suggested that both of them are not A-type granites, thus the garnet-bearing adamellite should be highly fractional I-type granite with part characteristics of type A, and the primary magma may come from the partial melting of the deep crust. We compared the REE and trace element data of garnet-bearing adamellites and biotite adamellites in the Xudapu-Xingcheng area with the characteristics of the Mesozoic granites (WH1027, EH1029) studied by [42] in the Taili area ( Figure 2) , and results show that their distribution patterns have a similar trend ( Figure 10 ). According to [42] , the Late Jurassic rocks in the Taili area have negative εHf(t) and ancient crustal T DM2 values which indicate the primary magma is from the partial melting of the ancient crust. Thus, we propose that the Late-Middle Jurassic adamellites in the Xingcheng-Xudapu area are mostly consistent with the origin of the partial melting of Neoarchean crust. Some data available on the rare element from the biotite adamellites plot on the discriminant geodynamic diagram suggest that they were formed in a continental margin setting (Figure 11 ). Combined with the regional geological setting as well as the geochemical characteristics, the biotite adamellites in the Xingcheng-Xudapu area formed in the compressional environment of the subduction of the Paleo-Pacific plate. Similarly, the garnet-bearing adamellites plot in the VAG field closer to the syn-COLG field, and were also formed in the setting of the active continental margin of subduction of Paleo-Pacific plate. Taking the part of characteristics of A-type granite together with the regional geological setting, we propose that they may have been formed mainly in compressional condition, accompanied with sectional extensional characteristics. Figure 10 . Comparision of chondrite-normalized REE patterns (a) and primitive mantle-normalized trace element patterns (b) from the Xingcheng-Xudapu adamellites and Mesozoic granites in surrouding area [42] . Chondrite and primitive mantle data are from [55] . Figure 11 . Rb-Yb+Ta discrimination plots of the Xingcheng-Xudapu adamellites. The base map is from [61] . Note: VAG. Volcanic arc granite; WPG. Within-plate granite; Syn-COLG. Syn-collision granite; ORG. Oceanic ridge granite.
Magmatic Activitives and Tectonic Evolution of the Eastern Segment of NCC during the Middle-Late Jurassic
Our model for the generation and the tectonic setting of the Middle-Late Jurassic granites is as follows (Figure 12 ). Based on the regional structure characteristics as well as the assemblages of magmatic rocks and their geochemical features, various studies have suggested that the eastern segment of the northern margin of the NCC was in the tectonic setting of the subduction of the Paleo-Pacific plate beneath the NCC during the Middle Jurassic [17, 28, [62] [63] [64] . Liquid was separated from the heated subduction slab, and replaced the superjacent lithospheric mantle, leading to a lower fusible point of the latter. The superjacent lithospheric mantle was partly melted and produced mantle-derived magma, which heated the ancient crust and caused its partly melting [35, 65, 66] . Continuing dehydration and metasomatism of the subduction slab resulting from the persistent subduction of the Paleo-Pacific plate changed the physical and chemical properties of the lithospheric mantle [42] . The limpen original lithospheric rocks were taken away by asthenospheric mantle, resulting in the thinning of the lithosphere, simultaneously the frontal side of the subduction slab began to roll back [28] , leading of an extensional environment. There are few records of the metamorphic core complexes or the extensional deformation in Xingcheng-Xudapu area during the Middle Jurassic [39] , while voluminous Late Jurassic metamorphic core complexes, as well as extensional sedimentary basins, spread widely in western Liaoning [17, 47, [67] [68] [69] [70] [71] , which indicate the extensional structures [34, 35, 72] . For example, Xu et al. [73] found the Late Jurassic gneissic granite in the eastern part of the NCC, in which the interstitial materials developed directionally, and pointed out that the rocks were formed in the apotectonic and extensional setting. Also, Liang et al. [28] reported the mylonitic granitic belt in Xingcheng, western Liaoning. In addition, the regional geological data show that the ages of 130 to 120 Ma and 160 to 150 Ma were two distinct peak periods for the development of the metamorphic core complexes in the NCC (Figure 13 ) [8] . In this study, we propose that the tectonic setting began to alter from a compressional to an extensional environment during the Late Jurassic (158-152 Ma).
The Causal Link between the Large-Scale Mineralization and the Magmatism as well as Yanshan Movement
Large volumes of previous studies have shown that the main metalliferous deposits are distributed along with the N-E metallogenic belts: The Bajiazi-Yangjiazhangzi magmatic-hydrothermal nonferrous polymetallic metallogenic belt and the Qinglong-Huludao volcanic hydrothermal Au-Cu metallogenic belt, and the N-W metallogenic sub-belts between the two N-E metallogenic belts ( Figure 13 ) [90] . The N-E trending metallogenic belts are located between two deep faults of Lugou-Nuerhe and Qinglong-Huludao, with a strata of Neoproterozoic-Early Palaeozoic shallow marine carbonates and clastic rocks. Main gold and molybdenum deposits such as the Suiquan gold deposit and the Yangjiazhangzi molybdenum deposit, some small iron ore spots and the endogenetic metalliferous deposits are distributed in the interior of the magmatic rocks, and the contact zones [90] . The fault can provide the space for magmatism and magma formation, as well as a favorable space for the migration and enrichment of ore-bearing hydrothermal fluid. Also, the granitic magma related to mineralization is of high emplacement without eruption, so that the volatile and the metallogenic elements are well preserved to form the large-scale mineralization in the region. Thus, the fault clefts are always constructions of ore-conducting and ore-bearing structures and in a condition of formation of deposits or ore-bodies [22, 23, 77, 90] . For example, the Wulong Gold Mine in Liaoning province was affected by the Yanshanian tectonic-magmatic. Driven by magmatic thermodynamic forces, the metallogenic material in ancient geological bodies activated, migrated, concentrated, and finally located in granitic gneisses, and then formed the hydrothermal deposit [85] . We investigated the geochronological ages from Mesozoic deposits and magmatic rocks exposed in western Liaoning to determine the association between the Yanshan Movement and mineralization [17, 28, 44, 46, [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] . Table 3 summarizes the results of the numerical age data of magmatic rocks and deposits from the western Liaoning. Frequency diagrams of compiled geochronological ages (Figure 14) show that the magmatic rocks formed by multistage magmatism during the Mesozoic, overlapping the ages of major metalliferous deposits. This spatiotemporal consistency indicates a possible relationship between the formation of gold, molybdenum deposits, and magmatism in the north of the NCC, the magmatism likely provides the thermodynamic condition and the source of metallogenic hydrothermal fluid for mineralization [21] [22] [23] 91] . Combined with previous research results, it has been shown that the Mesozoic endogenetic metalliferous deposits formed in a compressive environment influenced by the subduction of the Paleo-Pacific plate similar to the magma events in the north of the NCC [80, 83, 92, 93] . As a more regional perspective, the growth of the large-scale deposits likely coincides in time with the Jurassic reaction and Yanshan Movement affected by the subduction of the Paleo-Pacific plate, and the related magmatic rocks, as well as its surrounding areas, are favorable prospecting targets for endogenetic metalliferous deposits. Figure 14 . Frequency diagrams of compiled geochronological ages from Mesozoic deposits and magmatic rocks exposed in western Liaoning. Data sources are as follows [17, 28, 44, 46, [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] .
Conclusions
Our new data allow us to deduce the following major conclusions:
(1) The Xingcheng-Xudapu area is composed dominantly of two types of granitic rocks, the biotite adamellites with emplacement ages of 172-168 Ma and the garnet-bearing adamellites with a 158-152 Ma age.
(2) The biotite adamellites are typical I-type granites formed from partial melting of the ancient crust in the setting of the subduction of the Paleo-Pacific plate beneath the north margin of the NCC. The garnet-bearing adamellites are I-type granites with characteristics both of compressional and extensional tectonic setting, which were formed in the middle-late stages of the continuing subduction of the Paleo-Pacific plate, while simultaneously the frontal side of the subduction slab began to roll back, leading to an extensional environment.
(3) The eastern segment of the northern margin of NCC had been under the control of the Paleo-Pacific tectonic domain at the latest in the Middle Jurassic (172-168 Ma), while the initiation tectonic transformation from a compressional to an extensional environment was during the Late Jurassic (158-152 Ma), as a response to the Yanshan Movement.
(4) The Mesozoic endogenetic metalliferous deposits in western Liaoning formed in a compressive environment influenced by the subduction of the Paleo-Pacific plate similar to the magma events in the North of NCC, and the magmatism provided the thermodynamic condition and the source of metallogenic hydrothermal fluid for mineralization.
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